Six termolecular reaction systems comprised of Ru(4,4'-bis(trifluoromethyl)-2,2'-bipyridine) 3 2+ , phenols with different para-substituents, and pyridine in acetonitrile undergo proton-coupled electron transfer (PCET) upon photoexcitation of the metal complex. Five of these six phenols are found to release in concerted fashion an electron to the ruthenium photooxidant and a proton to the pyridine base. The kinetics for this concerted bidirectional PCET process and its relationship to the reaction free energy were compared to the driving-force dependence of reaction kinetics for unidirectional concerted proton-electron transfer (CPET) between the same phenols and Ru(2,2'-bipyrazine) 3 2+ , a combined electron/proton acceptor. The results strongly support the concept of thermodynamic equivalence between separated electron/proton acceptors
unidirectional CPET are often very different from those used for investigations of bidirectional CPET. Here, we report results which permit a direct comparison of uni-and bidirectional CPET because the employed reactants are very similar in both reaction types.
In a prior study we have found that unidirectional PCET between 6 different phenols and photoexcited Ru(bpz) 3 2+ (bpz = 2,2'-bipyrazine) occurs predominantly via a CPET mechanism (Scheme 1a). 7 Here, we report on bidirectional CPET involving the same phenols as combined electron/proton donors, photoexcited Ru((CF 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Simple electron transfer. Photoexcited Ru((CF 3 ) 2 bpy) 3 2+ in CH 3 CN is a rather strong oxidant with a reduction potential of 0.9 V vs. Fc + /Fc in its relatively long-lived 3 MLCT excited state. 9 However, in CH 3 CN the 6 phenols from Scheme 1 are all oxidized at even more positive potentials ( Table 1) . 10 10 . b Calculated on the basis of pK a values for DMSO reported in refs. 3, 8 using the procedure described in ref. 11 . c From ref. 12 . d From refs. 3, 8 . e Calculated for CH 3 CN solution from gas phase bond dissociation enthalpies as described in the text (see Supporting Information for details); 8, 13 error bars are on the order of ±1.5 kcal/mol. Consequently, 5 out of the 6 considered phenols are unable to quench the 3 MLCT luminescence emitted by Ru((CF 3 ) 2 bpy) 3 2+ in pure CH 3 CN. Only 4-methoxyphenol (CH 3 O-PhOH) is a sufficiently strong electron donor to induce some detectable luminescence quenching by photoinduced electron transfer ( Figure S1 ). Stern-Volmer analysis of steady-state and timeresolved luminescence data ( Figure S2 ) leads to the conclusion that the rate constant for 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 In a control experiment with 2 10 -5 M Ru((CF 3 ) 2 bpy) 3 2+ in CH 3 CN and pyridine concentrations varying between 0 and 1.0 M but containing no phenol, the luminescence intensity does not decrease and the luminescence lifetimes are unchanged ( Figure S8 ). Thus it is clear that CH 3 -PhOH and pyridine must be simultaneously present in order to quench the emission. The same is 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 true for the phenols with R = H, Cl, Br, CN. For 4-methoxyphenol (R = OCH 3 ) there is some emission quenching already in absence of pyridine as discussed above (Figures S1, S2), but pyridine addition at constant CH 3 O-PhOH concentration makes emission quenching markedly more efficient ( Figure S3 ). Thus, for all 6 phenols the presence of pyridine is crucial for inducing substantial Ru((CF 3 ) 2 bpy) 3 2+ luminescence quenching. lowering of the oxidation potentials is so substantial that this effect can only be satisfactorily explained in terms of a CPET mechanism. 15 The Ru((CF 3 ) 2 bpy) 3 2+ luminescence quenching mentioned above for the 6 phenol / pyridine systems is the consequence of the lowering of the phenol oxidation potentials in presence of the proton acceptor pyridine. In fact, our experimental observations are conceptually analogous to those first made by Linschitz with triplet-excited C 60 and hydrogen-bonded phenols. 5a, 14 pyridine combinations, in each case providing unambiguous evidence for the formation of charge-neutral phenoxyl radicals ( Figure S9 ). [16] [17] The latter are clearly the products of a photoinduced PCET reaction.
Hydrogen-bonding equilibrium between phenols and pyridine. In CH 3 CN solution, there is chemical equilibrium between free phenol (R-PhOH) and pyridine (py) on the one hand and hydrogen-bonded phenol-pyridine adducts (R-PhOH py) on the other hand (eq. 1).
R-PhOH + py R-PhOH py (eq. 1)
Any quantitative analysis of the emission quenching data must take this equilibrium into account because only the hydrogen-bonded R-PhOH py adducts induce significant photoreaction for most phenols (see above). In a given solvent (CH 3 CN) at a given temperature (22 °C), the equilibrium (or association) constant (K A ) is primarily a function of the phenol Rsubstituent.
One possibility to determine the equilibrium constant for the formation of hydrogen-bonded phenol-pyridine adducts is to make use of steady-state luminescence quenching data. 5d, 5g
However, this procedure leads to inconsistencies in the cases considered here. A method based on UV-Vis absorption changes upon addition of large quantities of pyridine to dilute solutions of phenols as reported earlier turned out to be impractical in our cases, mainly due to mutual overlap of the absorption bands of phenol and pyridine. 5a Consequently, the association constants between the various phenols and pyridine-d 5 were determined by 1 H NMR spectroscopy in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 Figure   3b is the result of a fit to the NMR titration data in the so-called fast-exchange limit, see
Supporting Information for further details. 18 An association constant of 1.1±0.1 M -1 is determined for CH 3 -PhOH and pyridine-d 5 in CD 3 CN at 22 °C (Table 2) . Analogous 1 H NMR titrations with the 5 other phenols (Figures S10-S15) produced the K A values reported in Table 2; the error bars correspond to the standard deviations resulting from the fits to the experimental data. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 The association constants in Table 2 are found to increase with increasing hydrogen bond donor ability of the involved phenol. The hydrogen bond donor ability is captured by Abraham's hydrogen bonding parameters (a 2 H ) given in the last column of Table 2 
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Determination of CPET rate constants. The steady-state luminescence quenchings such as that shown in Figure 1a are accompanied by a shortening of the luminescence lifetime. The data in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 for the 5 other phenol / pyridine couples, and the respective data are given in the Supporting Information (Figures S17 -S21). All luminescence decays are single exponential over at least two orders of magnitude, and decay rate constants (k obs ) were extracted from mono-exponential fits to the experimental decay data. We recall that addition of up to 1 M pyridine to 2 10 -5 M solutions of Ru((CF 3 ) 2 bpy) 3 2+ in aerated CH 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 deuterated 4-methylphenol (CH 3 -PhOD); same data as in Figure 1d ; 
The intrinsic excited-state decay rate constant (k 0 ) is readily available from a luminescence lifetime measurement of 2 10 -5 M Ru((CF 3 ) 2 bpy) 3 2+ in pure aerated CH 3 CN. This experiment yields k 0 ≈ 1.72 10 6 s -1 ( Figure S8b ). As noted above, for the phenols with R = CH 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
Note that eq. 3 is only an approximation because a [R-PhOH py] 2 summand has been neglected in the denominator of the last term, see Supporting Information for details.
The solid red lines in Figure 4 are the result of fits with eq. 3 to the experimental k obs versus pyridine concentration data using k CPET as the only adjustable parameter. For these fits, k 0 was set to 1.72 10 6 s -1 , k ET = 0 M -1 s -1 (the k ET [R-PhOH] 0 term can be neglected for CH 3 3; the experimental uncertainty associated with the determination of k obs is 5%. Table 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  Table 3 . Rate constants for CPET between 3 H/D kinetic isotope effects (KIEs). The occurrence of a significant H/D kinetic isotope effect in the case of 4-methylphenol is evident already from the raw data in Figure 1 . For any given pyridine concentration, the luminescence quenching in presence of 42 mM CH 3 -PhOD is weaker than in presence of 42 mM CH 3 -PhOH, and the luminescence lifetime is shortened less in presence of 42 mM CH 3 -PhOD than in presence of 42 mM CH 3 -PhOH. Quantitative analysis produces the H/D KIEs summarized in the upper row of Table 4 . For comparison, the lower row of Table 4 summarizes the H/D KIEs determined previously for unidirectional CPET between the same 6 phenols and photoexcited Ru(bpz) 3 2+ (Scheme 1a). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Table 3 ; c for the systems from Scheme 1a; d from ref. 7a .
In general KIEs depend on many different parameters and the absence of a sizeable H/D KIE is no argument against CPET, for example because proton and deuteron transfer can proceed through different vibrational states. 21 We recall that the shift of phenol oxidation potentials in presence of hydrogen-bond acceptors can only be satisfactorily explained by invoking CPET. 15 It seems likely that the proton transfer distance has a decisive influence on the magnitude of the Table 1 ). 3, 8 Alternatively, the O-H BDFEs in CH 3 CN solution can be estimated on the basis of (gas phase) bond dissociation enthalpies (BDEs) and Abraham's hydrogen bonding parameters as described previously. 8, 13a Using BDEs 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 from the literature, 13b the α 2 H parameters from fBDFE (X-H) kcal/mol = 1.37 pK a + 23.06 E red 0 + C G,CH3CN (eq. 4)
The last term in eq. 4 is equivalent to the H + /H standard reduction potential in CH 3 CN, and it includes the free energy for formation of H as well as the free energy for solvation of H . 8 For CH 3 CN at 298 K, C G,CH3CN = 54.9 kcal/mol. 8 The reduction potential of the oxidant (E red 0 ) is to be used in units of Volts vs. Fc + /Fc in CH 3 CN, and the pK a value must be for CH 3 CN solution. 6 Using E red 0 = 0.9 V vs. Fc + /Fc 9 and pK a = 12.5 23 one obtains fBDFE = 93 kcal/mol. As noted before, the use of formal BDFEs may appear as somewhat peculiar because no X-H bond is formed, but it has been proposed as a useful way to characterize the thermochemistry of a CPET system. 6 Several prior studies confirmed the usefulness of this concept, 8, 24 but the systems from Scheme 1 are special in that the reactants used for unidirectional and bidirectional PCET are as similar as possible. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Thus, the CPET driving-force for the systems in Scheme 1b (∆G CPET 0 ) is the difference between the experimental O-H BDFEs for the 6 phenols from Table 1 Figure 5a is compatible with CPET as a prevalent PCET reaction mechanism for all phenols except 4-cyanophenol. 4, 7b, 8 The fact that CN-PhOH stands out is likely an indication for another PCET mechanism. A sequence of rate-determining electron transfer followed by rapid proton transfer (ET-PT) seems highly unlikely based on the relevant redox potentials; initial electron transfer from CN-PhOH to photoexcited Ru((CF 3 ) 2 bpy) 3 2+ is expected to be endergonic by 0.5 eV ( Table 1 ). The only alternative is then a sequential PT-ET mechanism in which an initial proton transfer step is followed by rapid electron transfer. CN-PhOH is the most acidic of the 6 phenols considered in this work, and based on pK a values of 22.7 for CN-PhOH and 12.5 for pyridinium in CH 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 experimental data with an extended version of eq. 3 containing an additional summand (k diff [R-
PhO -]) reflecting diffusion-limited (k diff = 1.9 · 10 10 M -1 s -1 for CH 3 CN) 25 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Comparison between bi-and unidirectional CPET. Using the Eyring equation it is possible to estimate activation free energies (∆G CPET ‡ ) for the CPET processes based on the reaction rate constants (k CPET ) from 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 phenol O-H BDFEs based on data for unidirectional CPET between the reaction pairs from Scheme 1a is shown in Figure 6b . 7a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 where ∆G CPET ‡ is the activation free energy. Linear regression fits to the data in Figure 6 (excluding the yellow data point for 4-cyanophenol in Figure 6a ) yield slopes (∆∆G CPET ‡ /∆∆G CPET 0 ) of 0.52±0.05 for bidirectional and 0.37±0.05 for unidirectional CPET, respectively. The finding that both of these two slopes are close to 0.5 is compatible with CPET reactions that take place with low driving forces, in particular with -∆G CPET 0 << λ CPET /2. 28 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 SUMMARY AND CONCLUSIONS Bidirectional and unidirectional CPET involving two chemically very closely related sets of reactants (Scheme 1) exhibit very similar driving-force dependences of reaction rates. This strongly supports the concept of thermodynamic equivalence between separated electron / proton acceptors (Ru((CF 3 ) 2 bpy) 3 2+ , pyridine) and single-reagent hydrogen atom acceptors (Ru(bpz) 3 2+ ). 6 Several prior studies have confirmed the usefulness of this concept, 8, 24 but the systems from Scheme 1 are special in that the reactants used for unidirectional and bidirectional PCET are as similar as possible. This permits a direct comparison of the two different reaction types.
In principle one might expect bi-and unidirectional CPET to be associated with substantially different reorganization energies, but in the driving-force range considered here such effects do not clearly manifest.
EXPERIMENTAL SECTION
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